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MELE. P. C.. C. G. FRANZ AND J. R. HARRISON. E/icti. oIglhh'thal do.A ,lting radition ino chedlh'-
(rontr/ /led purlirorhte t' rat. . PHARMACOL BIOCHEM BEHAV 30(4 1007-1014. 19xh.LMale rats responded under a
fixed-ratio (FR) 50 or a fixed-interval (FI) 120 scc schedule ofmilk delivery,. Separate groups were acutely exposed to 0.5.
1.5. 4.5 or 0 (FI only i Gray (Gy) of cobalt-60 gamma radiation 3 times at 43-day intervals. All rats received an acute dose of
6.5 Gy 64 days after the last of these exposures. One-half and 1.5 Gy did not alter FR or FI performance significantly. After
4.5 Gy, no observable changes in performance occurred within I hr of exposure. Maximal reductions in FR response rates
occurred 24 hr after exposure and recovery followed over the subsequent 72 hr. Postreinfbrcement pause was increased
and running response rate was decreased by 4.5 Gy. Similar effects were found after each 4.5 Gy exposure. In contrast. Fl
performance (overall response rate. postreinforcement pause. running response rate, index of curvature) was not altered
reliably hiy 45 Gy. Both FR and Fl response rates were reduced by 6.5 Gy beginning 24 hr aftei exposure: FR rates tended
to be reduced more than Fl rates 24-72 hr after exposure. Response rates under both schedules recovered gradually over 7
weeks. The behavioral effects of 6.5 Gy did not vary as a function of irradiation history. In contrast, irradiation history
affected survival in that 4/9 rats previously exposed to 4.5 Gy died during weeks 4-5 after 6.5 Gy. whereas there were no
deaths in the rats previously exposed to lower doses. Radiogenic disruption of operant rf dose-related.
reversible, noncumulative and dependent on the schedule of reinforcement. e - "

Ionizing radiation Sublethal doses Repeated exposures FR. Fl performance

IONIZING radiation became of interest nearly a century ago tency to onset of several hours and may last for hours. days
after Roentgen's discovery of X-rays in 1895 [351. Since that or weeks [40]. As the dose of radiation is increased up to the
time. both the beneficial and detrimental effects of ionizing 30 day LD,,, hemopoietic damage (loss of functional blood
radiation have received much attention. Human exposure to cells) occurs in most mammals and increases in severity for
ionizing radiation above background levels has occurred up to 4-6 weeks after expousre (33]. Further increases in
through clinical treatment, the work place environment, dose produce lethal gastrointestinal damage within 1-2
industrial accidents, and immediate and delayed effects of weeks of exposure. while yet higher, supralethal doses
nuclear weapon detonations [191. Recent accidents at the produce cardiovascular shock, neuronal damage and death
Three Mile Island [I] and Chernobyl [2,211 nuclear power within hours or days.
plants point to the current possibility of large-scale popula- Dose- and time-related changes in the behavior of animals
tion exposure to radiation. The problems posed for manned following expousre to ionizing radiation have been studied
space travel by ionizing radiation are receiving a growing for some time (see 118,25] for reviews). Included among the
amount of attention [4, 28. 361. behaviors studied are locomotor activity [23,29.321, motor

Exposure to ionizing radiation produces a dose-depend- performance [5,131. food and water intake [29.311, con-
ent sequella of signs and symptoms that progresses over ditioned taste aversion 1341. maze performance 114.161,
time (19.331. In humans, early effects of relatively low conditioned avoidance responding 112,201. and responding
doses of radiation may include weakness, fatigue, nausea, maintained by schedules of positive or negative reinforce-
vomiting, anorexia, and headache. These effects have a ]a- ment [7-1I, 22. 391. Typically. ionizing radiation depresses

IThis work was supported by the Armed Forces Radiobiology Research Institute (AFRRI), Defense Nuclear Agency, under work unit
B4158. Views presented in this paper are those 'f the authors: no endorsement by the Defense Nuclear Agcncy has b,"u given or should be
inferred. Research was conducted according to the principles enunciated in the "Guide for the Care and Use of Laboratory Animals"
prepared by the Institute of Laboratory Animal Resources. National Research Council, DHEW Pub. No. (NIHi 8 -23. 1985. AIRRI is
fully accredited by the American Association for Accreditation of Lahorator) Animal Care.
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beChakikiral output a ith [lie iaiuitide and dtsrioll (it eflect Soniilcrt tone: the house light and cueC light-, re extin-
['icdjirctis related to the do-c administered. Behas oral guished during dipper presentation. The VT schedule %kis

re. sC rsCe ll% sOCCurs after iiblethail c spotisre. dfiscont inuLed after 10( respotnse,, had been made a ithin at
I Ile presentI studs %I as conducted ito more thoroughis single dails session. Session-, lastecd for 60) min or until 100
cautethe' dose- and I tile-, elated etfbects of, acute. Sublet- responses had been made, a hiches er occurred first. Af'ter an

11,11 exposure1 to 10m1/incU radiation on1 sChedule-controlled additional One Or tM0 sessions Linder FR 1. 15 rats aere
"ort0,fl c II rts. 1-i \d-ralik) IFR) and tixecd-inters al (1:1 exposed to a series of incremental FR schedules oxer several

s-.hcdille of ICintorcentent [15 aer used here becauise it is %tecks until the final FR -SO) schedule ),as in effect. The re-
a el d 'cuiic d that t hc prilside sensitiise behas oral miaining 20 ratls a ere exposed ito an incremental series of' F1
tcipiii 10i or detecting and mieaisuring cx pousre]- to a %title schedules until the final Fl 120 sec schedule \kas in effect.
%ie drucs a) nd tONICiiC tt 124.371. Ses eral studies Uinder 1:l schedules,, reiniforcers are delivered f r the first

hisc c \akiied the short-termi efflects of orie It"\ pe oft iorti/itg tesponse occurring after the interval has, clasped: response,,
r-adjition I \-ai si on V R perf'ormance 17-9. 391: there ate no occturring prior to the end of' the interval hase no pro-
publhed reot J011Ito ourI knoss ledge on the effctls of ioni/ing grammed consequiences. Session duiration \a nis 30 min fOr FR
id taion on H1 pertrice. Radiat ion-indttced changes in and 611 min for H. Training a ats conducted uint il the perform-
ate and patterns (if' respondi ng %%et-e ec aluated for uip to ance of each rat %\as stable (no consistent trend,, in rates, and

'es en5 ckS atlter acute eNpoNUar in order ito more thor- patterns of" responding from dav to day os er three ito five
oiughl\ des~cribe time1-course1, ffcts.~t, It \\W :Of' partictilar in- consective a eeks). After responding had stabili/ed the first
terest ito look tIOr temporal relationships beta eeti the behas - radiatiotn phase a ats begun.
oral and the ao ell documented ph% siological effects of ionit-
IncL raidiation nientiotted above. Indis dual animals receiv ed Raijimoi P'ro( elurt
mult iple e \posures ito oniiing radiation to de~teimine Rats aoere assigned ito radiation dlose groups In=4-s; per

uighd hcurudrthodiin grotup) Such that group mean baseline response rates, acre
HICLI here.similar wkithin each reinflorcement schedule. Animals from

Nit MIDdifferent dose grotips a ere balanced across test chambers,
and time of day For testing to the extent possible.

I aaa/tBilateral. \% hole-body, midline tissue doses of 4.5. I.Si.(0.5

hiri -f\ccprncnal ti, iert 01 or 0 F-nl)G 4 gamma photon radiation ikere delivered

C BRI Ivx FPlui a re sed.rheratsa ee 91 12 it i lixed rate of 2.5 Gv/min from at cobalt-N) source. FEach

dd , Od th ,itr oftheexprimnta \ere maintained rat received its designated dose of radiation three times at
d~irs ol at he sartof te exerimnt ait]d is intervals. A final irradiation a ith 6.5 G% was given to

;ii .ipprosiniatels W;) of their I'ree-feediig body ss eights ilrt 4dy fe h hrdepsr.Tetm nevl
Raits %kcrc quara'ntined oin arriv.al and screened for I' videne bit) ain exposues ftere chosdextosuore. The testingterl
o~*f dsease,. I he% %,,ere individlualk% htaised in plastic Micr - btcnepsrs%,eecoe oalv o )tsigoe

isiiato cags cnt~inin strilled oodhipbeddng:con at Ileast 30 days after exposure. the conventional time period
metoc ag les cossandz aceiiied tap s'atL r beding rom- dJ ot xpt-essitig radiohiologicalI LI)-,,, data ithe -D-,, ,jor gamma

merialhod rooIICms n a crciie mitained ri 21 r, I r it h. raiiton in the rat is 9.5 Gy 161). and (2) the Collection ofAnimuffiki control datas prior tonaie the net- exposure.
,- 0'; relatis c huiridit using at least 10) air changes per Rufiit cnrldt ro otenx xoue

hour of lilt'; conditionedI fresh air. A 12-hr lighting c~ c Ras ia ere placed in ao eli ventilated, clear plastic restrain-
a a ineffct s ih til-spctrm lght o frm 00tC1810. Ing tubes for irradiation. Test sessions began 5 min after
o~N i ettcot %itht'Lll-PClru lihtson 'ro 06-190, exposture ceased. Sham exposures. consisting of placing the
1 j'~to~tanimals in the tubes and transporting them to the exposure

roolm. ss ere conducted on ait least eight occassions prtor to
Six olperartt cotnditioning chambers, a&ere used ((oulbotirn the First irradiation. Forty-six days after the last exposure. all

Ir, stiinments. Inc.). [1he fr ont \,\all of each chamber contained stirvis ing rats "sere euthanized with an overdose 180 mgikgt
response Ic ~cr mounted on at microsa itch. a set of three ofI'P pentobarbital. Tissue and blood samples were taken for

cu l iht s located abhos the lever, a house light, at Sonalert general pat hological evaluation. Rats not surviving until this
speaker and an opening that alota ed access to at dipper that time uinderwAent pathological evaluation a henever possible.
Presented 0.016 ml oif s%%eetened condensed milk (Ia ]:I mix-
itare of' Boirdens E:'agle Brand and tap a aterl. F aich chamber Iiii ii hi wid Ana io/s

ak se 1-- n-i-ud w ih me a n oprmn Animals wkere tested live days per week. Mlondit\ ilhrough
hiich also containetd an exhatust fin for ventilation and a frdt

-speaker for the presentation of ahite masking noise. Control Friay throughout the first three exposture phases. Folloss-
e sprinentl satios ad rcoringof dta er acom- ing the fourth (6.5 Gyl exposure animals wxere tested for 12

(itishe a it tatiPopute anacmuatv recirigo'iaa"rer 1(1- consecutive days and then five days, per wAeek thereafter. All
r~fIted ita aiint roX om.ue n uuaiv eodr o expostires, Occurred on at Monday and rats aere alw-ays

t..ied n a adjinig rom.tested (in the immediately preceeding Sunday. Prior ito each

8, hut 1, 1l(/ Pf" thoni exposure control data are taken from 6-7 sesstons.
Individual performance measures calculated for each

Animals Acre trained to press the lever using an atito- session for FR and Fl respo'd!'-' in-luded mean overalt re-
inlatetI procedure that coinsisted of' two scheiles (if milk spouse late. postreinforccenent pause duration and running
dell, * ry h;ng il elie, t siultaineousls . A variahle-time It response rate. Overall response rate was calcuilated by divid-
schedleII presecntedI the dipper autoIm tically on the average ing the total number of responses emitted by the total session
tofes.ers 60t sec. " hile an FR I schedtile presented the dipper time (excluding the time the dipper was raised). The
after each leverpress. Presentation (if the dipper lasted for 5 post reinforeementI pause wats defined ats the time elapsed
"cc tIndl aus signalled by, a light liver the dlipper and the from the end of at dipper presentation tintil ihe first response
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2.5 0.5 Gy analsis of variance with the Greenhouse-Geisser correction
, for repeated measures 1271. Subsequent comparisons between

* .. * *pairs of' mean,, were performed with I-lests. Since virtually
2.0-' ' " a j- all of the studies examining radiation-induced changes in

,, ,, 4.o .schedule-controlled responding have reported that response
1 .5- o rates or frequencies were reduced following exposure, one-1.5tailed tests were used when possible as reductions in re-

'ponse rates were expected. The alpha level for significance
1.0, was set at 0.05.

__J{0.51" R ESUL', I.S

Changes in FR response rates as a function of radiation
dose and repeated irradiations are presented in Fig. I.

0- . ................. Neither 0.5 (top) nor 1.5 (middle ) Gy of gamma radiation
2.5- - 1.5 Gy altered group mean response rates oer 22 test sessions (30

days) after each of the three exposures. The only apparent
effect ,,,as that the response rate of one rat was reducedv 2.0, afe eac (i*h hre15

1.5 "elx : * .. , its control range hr after each ofthethree .Gy
,,_,1," , ".. I-.. , texposurecs. At 4.5; G\ (bottom), changes in FR response rates

k ere observed after each exposure. Response rates were not
altered during the session which began 5 min after exposure
(session 1). were reduced 24 hr l-ter to the lowest levels

- 1 .0. First Irradiation observed (rates were reduced by 30-5(Y-; over the three ex-
0 posuresi, and gradually returned to control levels by the fifth
a Second lrradiation or sixth session after exposure. Following recovery. re-
r" 0.5- Third Irradiation sponse rates remained stable throughout the remainder of

ea,-h exposure phase. Changes in response rates did not vary
as a function of repeated exposures. Analysis of" variance

0---- - performed on the response rates of each group separately
2.5- 4.5 Gy (mean preirradiation control response rates and response

rat es from postirradiation sessions 1- 1(0. revealed a signifi-
2.0- cant effect of sessions only at 4.5 Gy: all main effects of

radiation phase and radiation phase X session interactions
were nonsignificant. One-tail t-tests revealed that sessionsA5 i .* *.;.,. ; , - -

--- ,;l' 4  exposur2-5 differed significantly from control after the 4.5 Gy
- - * .-. /exposure.

Changes in FR postreinforcement pause after each 4.5 Gy
1.0- exposure are presented in Fig. 2. Mean postreinforcement

pause was not altered immediately following irradiation
(session I). but was increased two- to three-fold 24 hr later.

0.5. During the third session after each exposure there was a
substantial degree of recovery although the pause remained
elevated above control values. Postreinforcement pause was

0--c9
C 1 3 5 7 9 13 17 21 elevated throughout the remainder ofthe first week oftesting

after exposure and returned to control levels during the sec-
Sessions ond week. Changes in postreinforcement pause did not vary

HG. I. Eltects of gamma radiation on -R 50 response rates Each with repeated 4.5 Gy exposures. These effects were confirmed
pantel represents, a separate group of to-c rats. Each group W'as'5- with an analysis of variance performed on the mean con-
posed to the indicated dose of radiation on three separate occasions trol pause and the pause from sessions 1-10 after the three
at 43-da intervals. Session I began 5 min after exposure ceased. 4.5 Gy exposures: the main effect of sessions was significant
,,hsequent sessions occurred at 24-hr intervals. Monday through while the main effect of exposure phase and the interaction

f-rida%. osci 36i d.A, follawing irradiation. Points at C represent were nonsignificant. With the data collapsed across the three
group mean control data for each ol the thr, :riad,,dions: vertical exposures, two-tail i-tests revealed that sessions 2-6 and 8 dif-
lines indicate -I SEM. Group means are based on the mean re- fered significantly front control. There were no consistent
sponse rate of each rat across 6-7 sessions prior to irradiation, changes in postreinforcement pause after exposure to 0.5 or

I.S Gv (nn shown).
Running response ratc, under tile 1-k siedulC were not

of the next ratio or within the next interval. Running re- altered after exposure to 0.5 or 1.5 Gy of radiation. At 4.5
sponse rate was the response rate calculated with the Gy. running rates were not altered on the day of exposure
postreinforcement pause omitted. Since responding under Fl and were decreased to the lowest levels observed (by
schedules typically occurs at an increasing rate as the inter- 20-40", of control over the three exposures) 24 hr later IFig.
val times-out, the index of curvature was calculated to pro- 3). Running rates returned to control levels over the next 2-4
vide a measure of this temporal distribution of responses 1171 sessions and were stable throughout the remaining portion of

Performance measures were analyzed statistically using each exposure phase. Analysis of variance on the running

)L
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30 4.5 Gy

I First Irradiation

20 Second Irradiation

T Third Irradiation

0

10 T1 T

C 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Sessions

F-1G. 2. Effects ot 4.5 G% of gamma radiation on FR 50 postreinlorcement pause (see Fig. I for details).

4.5 Gy 4.5 Gy

2.5 - CONTROL

S U

2 - * , o A
0 . o I I

1.5 -

U,)

( 1.0
0
o. First IrradiationC,) 5 MiN 24 HR

X 0.5 Second Irradiation ,

* Third Irradiation ' '

0
0 . -- - - - - - - - - - - - - - - - -C 1 3 5 7 9 13 17 21 c , ,' ' ' ,o

Sessions 0 , ,,

FIG. 3. Effects of 4.5 Gy of gamma radiation of FR 50 running .

response rates (response rates calculated with the postreinforcement
pause omitted: see Fig. I for details).

48 HR 72 HR

' i J

FIG. 4. Cumulative records showing the performance of one rat ' ,
under the FR 50 schedule of milk presentation. Control performance
prior to irradiation and performance over four successive sessions
after exposure to 4.5 Gy of gamma radiation are shown. Each re- ' ,
sponse stepped the pen in an incremental fashion across the page.
Dchvery of the milk reinforcer with the completion of the ratio is
indicated by the diagonal deflections. 15 min
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4.5 Gy rates of the 4.5 Gy exposure group revealed only a significant
0.5- effect of sessions, indicating that rate changes did not vary

significantly as a function of repeated irradiations. One-tail
t-tests revealed that sessions 2-4 differed significantly from

0.4- control.
Sample cumulative records depicting control FR per-

0AA formance and performance over sessions 1-4 after exposure
0 A A • A to 04.5 3y are presented in Fig 4. The overall response rate010.3-, li ' ' o G r

0 Nduring the session that began 5 min after irradiation was
A A * within the range of control rates for this rat. At 24 hr

C- " postirradiation there was noticeable disruption in perform-
w 0.2- ance which included a slowing in the overall rate of respond-
,,. ing. a lengthing of the postreinforcement pause, and an ex-
0 tended pause in responding. Progressive recovery ofCL - First Irradiation
WO.1. control-like performance was evident during the sessions

-A- Second Irradiation which occurred 48 and 72 hr after exposure.
Under the Fl schedule, average response rate. running

Third Irradiation response rate, postreinforcement pause and index of curva-
0 C 1 3 5 7 9 1 7 21 ture were not altered consistently by 0.5-4.5 Gy of radiationover the three exposures (all main effects and interactions of

Sessions analyses of variance were nonsignificant): response rates

FIG. 5. Effects of 4.5 Gy ofgamma radiation oin Ft 120 sec response after 4.5 Gy are shown in Fig. 5. Individual mean control
rates (see Fig. t for detailse. postreinforcement pauses ranged from 50 to 85 sec. while

individual mean control indices of curvature ranged from
0.50 to 0.65. Fixed-interval responding did not appear to be
completely unaffected by radiation, however, since the re-
sponse rate of each rat in the 4.5 Gy exposure group was
reduced below its control range for 24-48 hr after the second
exposure.

Figure 6 presents the effects of 6.5 Gy of gamma radiation
on FR response rates in rats with a history of exposure to
0.5-4.5 Gy. Response rates are presented as a percentage of
mean control rates to facilitate comparison among groups. In

6.5 Gy

120-

0

@ 40-
0. -0.5 Gy

1.5 Gy
P 4.5 Gy

1 3 5 7 9 11
Blocks of 1 -4 Sessions

FIG. 6. Effects of 6.5 Gy of gamma radiation on FR 50 response rates. The key
indicates the dose of radiation received on three separate occasions prior to expo-
sure to 6.5 Gy. For each rat, the average response rate for a block of sessions was
expressed as a percentage of the average control rate derived from 7 sessions prior
to the 6.5 Gy exposure. Individual percentages were then averaged to provide
group data. The first block represents the test session which began 5 min after
exposure. Subsequent blocks are the mean of three sessions except for block 7
which is the mean of four sessions. For the 0.5 and 1.5 Gy exposure groups n=5.
For the 4.5 Gy exposure group n=4 for blocks 1-6, n=3 for block 7, and n= I for
blocks 8-Il.
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6.5 Gy
120-

1.

-C 80 . :

C-.

8 40 0 Gv
.'*~. 05 Gy

1.5 Gy
* 45Gy

0 . . . . . .
1 3 5 7 9 11

Blocks of 1-4 Sessions

FIG. 7. ElAects oi6.5 G. ot gamma radiation of lI 120 sec response rates. The ke.
indicates the dose of radiation receised on three separate occassions prior to
exposure to 6.5 G. Each point is the mean of lise rats for the (I and 1.5 Gy
exposure groupS and four rats for the 0.5 Gy exposure group. For the 4.5 G,
exposure group r 5 lor blocks 1-8 and n 4 /or blocks 9- I ,see Fig. 6 for delails).

none of the three groups of rats did 6.5 Gy alter response reduced FR response rates to a greater degree than Fl rates
rates during the session that began 5 min after exposure during the early postexposure period (session block 2). Re-
(session block I). Response rates were reduced in each sponse rates across the three FR groups were reduced to
group over the following three sessions (block 2). Response 51.5-±4.0c, (mean+SEM) of control values during block 2,
rates recovered somewhat and stabilized over the subse- while Fl rates of rats with similar exposure histories (rats
quent 5-6 blocks of sessions before showing additional re- with a history of 0 rad exposures were excluded) were re-
covery toward mean control values over the remaining duced to 65.7_+6.11/r of control. A two-tail i-test of these
blocks of sessions. Most importantly, differential radiation reductions in response rates revealed p<0.07. The 6.5 Gy
history did not alter the effect of 6.5 Gy on FR response dose increased FR postreinforcement pause and decreased
rates. This was confirmed by analysis of variance on the FR and Fl running rate: Fl postreinforcement pause and
absolute response rates which revealed that only the main index of curvature were not altered.
effect of session block was significant. Control response Lethality following the 6.5 Gy exposure was preceeded
rates and response rates through block 6 only were included by a general deterioration in the condition of the animals for
in this overall analysis due to deaths that occurred in the 4.5 several days. Reduced food intake, weight loss, lowered
Gy exposure group during blocks 7 (one death) and 8 (two body temperature. and paleness of the eyes which suggested
deaths). Two-tail t-tests on response rates collapsed across failure of the hemopoietic system were observed. Prior to
the three groups (n= 14) revealed that blocks 2-6 differed this each rat showed at least partial recovery from the dis-
from control. ruption in performance seen shortly after irradiation. Patho-

Under the Fl schedule, the 6.5 Gy exposure did not alter logical examination confirmed hemopoietic failure as the
response rates on the day of irradiation in any group, while probable cause of death. Hemopoietic effects in surviving
relatively stable reductions in response rates occurred over animals were restricted to a moderate anemia.
session blocks 2-7 in each group (Fig. 7). Response rates
generally showed recovery over the remaining blocks of DISCUSSION
sessions. Similar to what was observed for FR responding,
changes in Fl response rates after exposure to 6.5 Gy of The effects of gamma radiation on schedule-controlled
gamma radiation did not vary as a function of exposure responding varied as a function of the dose and the schedule
history. The absence of any observable effect of exposure of reinforcement. At the lower doses (0.5 and 1.5 Gy) signifi-
history on FI response rates is shown most dramatically cant changes in performance were not observed. At the in-
by comparing the 0 Gy exposure group with the three termediate dose of 4.5 Gy, FR response rates were de-
groups that had previously been irradiated. Analysis of vari- creased after each of the three exposures, while Fl response
ance on the absolute response rates of the four Fl groups rates were not altered reliably. At the highest dose of radia-
(n= 19) revealed only a significant effect of blocks. Because tion tested (6.5 Gy), both FR and Fl response rates were
one rdt in the 4.5 Gy exposure group died during session decreased though FR rates tended to be decreased more than
block 9. this overall comparison was restricted to the first Fl rates for several days after exposure. These findings indi-
eight blocks of sessions. Two-tail t-tests revealed that re- cate that over the range of doses used here, FR respond-
sponse rates during blocks 2-8 differed significantly from ing was more sensitive to radiogenic disruption than Fl
control rates. responding.

Comparison between Figs. 6 and 7 suggests that 6.5 Gy The differential effects of gamma radiation on FR and FI
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performance mas be due to differences in baseline response tionships suggest fundamental differences in the lactors un-
rates [241: the higher rates under FR "ere disrupted at doses derly ing radiation-induced depression of schedule-controlled
that did not alter or disrupted less the loswer rates under Fl. responding. swimming and running-wheel locomotion.
Effects of radiation did not appear to he solely a matter of Decreased food intake is one of the earliest effects seen in
baseline rate. how, ever. since responding within the FI %%ias humans and animals after los, to moderate radiation expo-
not affected in a ss aN that ats related to the baseline rite. sure 122. 29. 401 and this may account for the disruptions in
Under baseline condition,, responding \,within the F show ed FR and Fl performance observed here. However. there ap-
the typical pattern of lover-rates early and higher-rates later pear to be limitations on attempts to relate radiation-induced
in the interal. The quantitative measure of this pattern of changes in 'chedule-controlled performance to a general ef-
responding, the index of curvature. ,%as not altered by any feet on food intake, at least in the present study. At 6.5 Gy.
dose of radiation even though overall response rate was re- even though most rats failed to consume their entire ration of
duced. This indicates that responding .%as decreased in a chow, on one or more days after exposure, there was little
relatively uniform fashion throughout the Fl. Thus. both correspondence between the magnitude and time course of
baseline response rate and schedule of reinforcement may be disruption in performance and w hether or not chow was con-
important determinnts of radiation-induced disruption of sumed. After exposure to 4.5 Gy of radiation when it was
performance. Changes in other meausres of performance generallN uncommon for any p, :ion of the daily ration of
also varied in a schedule-dependent manner. The short chow to remain uneaten. the days when chow, was not
potreinforcement pauses under FR wxere increased after ex- entirely consumed always occurred after the days vhen the
posure. while the longer pauses under F wAere not altered. most pronounced reductions in FR responding were found.
Extended pauses in responding after irradiation were gener- Ionizing radiation induces a ,ariety of subjective effects in
ally restricted to FR. These differences contributed to the humans that would likely disrupt ongoing behavior: these
schedule-dependent changes in response rates. include weakness. fatigue. nausea, lethargy, headache and

At the doses of gamma radiation that produced consistent dizziness 1401. The performance changes reported here may
decreases in FR response rates (4.5 and 6.5 Gy). duration provide an index of effects in animals that reflect or are in
rather than magnitude of effect appeared to be a better indi- some w.ay analogous to the subjective effects reported by
cator of dose. Averaged over the three exposures. 4.5 Gy humans. The use of schedule-controlled behavior in provid-
produced maximal decreases in FR response rates to ing such an index of exposure to toxic agents has been
,9.0- 10.3' , of control values 24 hr after exposure: recovery suggested 1381. Additional research is necessary, however.
occurred o%,er the next several days. Similar maximal reduc- to more precisely define and attempt to measure these types
tions were observed 24 hr after exposure to 6.5 Gy. when FR of effects in animals [301.
response rates were reduced to 50.4±6.3; of control values. Repeated irradiations of the same animals failed to pro-
At this higher dose. however. FR response rates remained vide evidence of cumulative behavioral effects. This
depressed for two additional days (response rates were re- suggests that the 6-9 week period separating successive ir-
duced to 57 and 47" of control values, respectively. 48 and rauiations allowed for adequate recovery of the physiological
72 hr after the 6.5 Gy exposore) before showing signs of systems underlying the behavioral effects observed here
recoer,. shortly after exposure. Long-term. latent physiological ef-

There are few previous reports on the effects of acute fects would have been expected to result in enhanced behav-
exposure to ionizing radiation on schedule-controlled perfor- ioral disruptions over successive irradiations. In contrast.
mance. In one study. I.--5.0 Gy of X-ra>,s reduced sariable- se, cral previous studies showed that decreases in FR re-
interval response rates for 1-4 days while rates tinder a shock sponding were enhanced when rats received multiple irradi-
avoidance schedule were unaltered 1221. In another. 8.0 Gv ations" doses ranged from 0.5-8.0 Gy delivered every 1-7
reduced responding under an FR I schedule averaged over days 17. 9. 391. These results suggest that the dose of radia-
four days after exposure. whereas 2.0 and 4.0 Gy wNere inef- tion. the time between irradiations, and the number of ir-
fective 1391. Although neither of these studies conducted be- radiations are important determinants of the behavioral ef-
havioral testing on the day of irradiation, the present investi- fects of multiple exposures to ionizing radiation.
gation showed that performance was not altered over the In contrast to disruption of FR and F performance, le-
immediate postexposure period after doses of 0.5-6.5 G,,. In thality appeared to be influenced by radiation history in that
contrast. much higher. acute doses have been show n to all deaths that occurred after the 6.5 Gy exposure were found
produce more immediate behavioral effects. Disruptions in in the groups previously exposed to 4.5 Gy. Since no deaths
responding tinder FR [81 and shock avoidance [I I I schedules occurred until 3 weeks following the 6.5 Gy exposure. there
in rats w-ere reported within one hour after exposure to sup- w,,as a clear temporal separation between early, acute behav-
ralethal doses (40-100 Gyl, while delayed match-to-sample ioral and litter. lethal effects of radiation resulting from
performance of monkeys was disrupted within minutes of hemopoietic failure. Lethality was not merely the result of the
supralethal irradiation 1101. total cumulative dose received, however. The total cumula-

Even though ionizing radiation generally depresses be- tive dose of I I Gy received by the 1.5 Gy exposure groups
hasioral output. the time-course of this effect is highly de- exceeded the LD; ,, dose of 9.5 Gy for gamma radiation in
pendent on the behavior examined. Here. performance rats 161. yet no deaths occurred in these animals. The 4.5
changes were greatest 1-3 days after irradiation and were Gy exposure groups received a total cumulative dose of 20
followed by recovery over several days or weeks. In con- Gy: a single dose of this size would have been lethal to 100'(
trast. swimming capability of rats decreased steadily over of exposed animals within several days 1191. Thus, in agree-
3-4 weeks after X-irradiation and then gradually recovered ment with previous data [3). dose fractionation increases the
1261. Moreover, running-wheel activity of rats decreased for total cumulative dose that can be tolerated without produc-
several days after X-irradiation. then recovered before a ing lethality.
second. more pronounced decrease began at about day I0 In summary, under the conditions used here the effects of
postexposure 1231. These markedly different temporal rela- gamma radiation on schedule-controlled pcrformance wcre
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found to be dose-related, reversible. non-,,mulative, and de- ionizing radiation under a broad range of circumstances, the
pendent on the schedule of reinforcement. Due to the con- systematic examination of the behavioral effects of ionizing
tinuing, if not increasing possibility of human exposure to radiation should be pursued.
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